Near-Earth asteroid (410777) 2009 FD is a potentially hazardous asteroid with potential impacts on Earth at the end of the 22nd century. The astrometry collected during the 2019 apparition provides information on the trajectory of (410777) by constraining the Yarkovsky effect, which is the main source of uncertainty for future predictions, and informing the impact hazard assessment. We included the Yarkovsky effect in the force model and estimated its magnitude from the fit to the (410777) optical and radar astrometric data. We performed the (410777) hazard assessment over 200 years by using two independent approaches: the NEODyS group adopted a generalisation of the Line Of Variations method in a 7-dimensional space, whereas the JPL team resorted to the Multilayer Clustered Sampling technique. We obtain a 4-σ detection of the Yarkovsky effect acting on (410777), which corresponds to a semimajor axis drift of (3.6±0.9)×10 −3 au/Myr. As for the hazard results of both teams, the main impact possibility in 2185 is ruled out and the only remaining one is in 2190, but with a probability of the order of 10 −8 .
Introduction
Asteroid (410777) 2009 FD is known to have a non-negligible chance of impacting the Earth in the late 22nd century. With the optical observations up to 2010 and a purely gravitational model, the resulting orbital solution was very well-constrained and allowed the existence of several virtual impactors (VIs, Milani et al. (2005a) ), in particular between 2185 and 2196, with the highest impact probability attained in 2185.
Adding the optical observations up to April 2014 and the radar Doppler measurement of Arecibo performed on April 7, 2014, the orbital uncertainty had shrunk in such a way that the biggest virtual impactor would have been ruled out. However, Spoto et al. (2014) showed that the Yarkovsky effect was a key source of future uncertainty because of the length of the impact analysis time interval and the presence of deep planetary encounters. Unfortunately, the observational data set available in 2014 was not enough to directly detect the Yarkovsky effect from the orbital fit to the astrometry. Therefore, to model the Yarkovsky effect, Spoto et al. (2014) relied on the available physical characterisation of (410777) and general properties of the near-Earth asteroid population. When accounting for the Yarkovsky effect, the 2185 VI could not be ruled out and had an impact probability IP = 2.7 × 10 −3 and a Palermo Scale P S = −0.43, the highest in the risk list of both clomon-2 1 and Sentry 2 . Such a high value for the Palermo Scale was mainly due to the estimated mass of the asteroid. Based on WISE data, the diameter and the albedo of (410777) were estimated as (472 ± 45) m and (0.010 ± 0.003) respectively (Mainzer et al., 2014) , yielding a nominal mass of 8.3 × 10 10 kg.
The next recomputation of the impact monitoring results by clomon-2 and Sentry occurred in the early 2016. At that time the astrometric data set of (410777) included data from two further apparitions: one in late December 2014 and one in October-December 2015, which also provided radar measurements from Arecibo and Goldstone (Naidu et al., 2015) . These data led to two main improvements.
• The 2015 radar observations revealed that (410777) is a binary system, with the diameter of the two components roughly 120-180 m and 60-120 m (Naidu et al., 2015) . These values, along with a density of 1.5 g/cm 3 as used in Spoto et al. (2014) , led to a nominal estimate of 3.2 × 10 9 kg for the mass of the whole system and, in turn, to a decrease of the Palermo Scale. Note that the updated measurement of the diameter is significantly lower than previously estimated from NEOWISE data (Mainzer et al., 2014 ) and adopted by Spoto et al. (2014) . The inaccuracy of the previous estimate is explained since the WISE measurements of (410777) only correspond to few of the brightest detections and did not cover the full rotational curve of (410777) 3 . This undersampling is known to lead to diameter overestimates (Mainzer et al., 2014, Figure 4 ).
• The constraint on the Yarkovsky effect from the astrometry became stronger than that from the physical model (see Del Vigna et al. (2018) ), which is further complicated by the fact that (410777) is a binary (Vokrouhlický et al., 2005) . As for the impact monitoring results, the set of virtual impactors remained essentially the same as before.
The current astrometric data set available for (410777) includes 39 additional optical observations from the 2019 apparition. We present the updated hazard assessment for (410777), achieved independently with the Line Of Variations (LOV) method, used by NEODyS, and with the Multilayer Clustered Sampling (MLCS) technique, adopted by JPL.
Astrometry
Asteroid (410777) was initially discovered by the La Sagra survey in March 2009, and then linked to prediscovery observations in the same apparition by the Spacewatch survey, which is consequently credited as discovery site. The available observational arc now extends for 10 years and 5 separate oppositions, from discovery to the latest opposition in 2019. The 2009 and 2014-2015 apparitions are responsible for the majority of the astrometry, with the latter also containing all the radar detections.
Most observations collected so far during the 2019 apparition were reported by the Spacewatch team, or by serendipitous detections by NEO surveys. In addition, our group provided observations from ESA's Optical Ground Station (MPC code J04) and the University of Hawaii 2.2 meter telescope (MPC code T12); for these observations (presented in Table 1), the astrometric uncertainty of each position is available, and has been included in the orbit determination process. For the other observations, for which uncertainty information is not available, we assumed standard weights based on the Vereš et al. (2017) error model. The observations collected in the 2019 apparition and the adopted weighting scheme allowed a significant estimate of the Yarkovsky parameter.
A search for precovery observations in the image archives of various professional telescopes, executed via the CADC SSOIS interface (Gwyn et al., 2012) , did not produce any additional detection. The object was never brighter than V = 24 at any of the times where suitable images were being exposed by any of the 50 professional instruments covered by the archive. 
Detection of the Yarkovsky effect
For this purpose we modelled the Yarkovsky perturbation by using a transverse acceleration
where r is the heliocentric distance in au and A 2 is the dynamical parameter to fit (Farnocchia et al., 2013; Chesley et al., 2016; Del Vigna et al., 2018) . Furthermore, the force model we adopted includes the gravitational accelerations of the Sun, the eight planets, and the Moon based on the JPL planetary ephemerides DE431 (Folkner et al., 2014) , the perturbations of 16 massive main belt bodies and Pluto, and the Einstein-Infeld-Hoffmann relativistic model (Moyer, 2003) . With the weighting scheme described in Section 2, the Yarkovsky parameter obtained by the NEODyS group is A NEODyS 2 = (7.0 ± 1.7) × 10 −14 au/d 2 , which is very well-consistent with the value A JPL 2 = (6.9 ± 1.8) × 10 −14 au/d 2 found by the JPL team. In particular, the NEODyS value corresponds to a semimajor axis drift da/dt = (3.9 ± 0.9) × 10 −3 au/Myr. Thus, with the current astrometry, the A 2 estimate is a 4-σ Yarkovsky detection. Note that this distribution for the A 2 parameter is statistically consistent with a positive value: more precisely, the probability of A 2 > 0 computed by using a Gaussian formalism is 99.998%. The positive value of A 2 suggests that (410777) is a prograde rotator.
Impact monitoring with the LOV method
The inclusion of the Yarkovsky effect in the dynamical model results in an initial space with 7 dimensions, corresponding to the six orbital parameters and A 2 . The LOV definition of Milani et al. (2005b) can be extended to spaces with dimension greater than 6, as was already done in Spoto et al. (2014) , with an experimental version the OrbFit software. This capability undergone testing and it is now included in the operational version OrbFit 5.0 4 .
The LOV definition remains basically the same: the tangent vector to the LOV at one of its point is the local weak direction, which is the eigenvector of the 7 × 7 covariance matrix related to the largest eigenvalue. Moreover, cases like (410777), for which the initial confidence region is very small, allow the use of the linear approximation of the LOV. Thus we select a particular direction w ∈ R 7 and we approximate the LOV with the straight line passing through the nominal solution x * with direction w. In case of a scattering encounter (Spoto et al., 2014, Section 4) we choose w in such a way that the spread of the corresponding target plane (TP) points is maximum, so that we can represent the different dynamical evolution of the orbits after the scattering encounter along the LOV. We first computed the weak direction on the scattering TP and we selected one of its infinitely many preimages in the initial elements space by applying the semilinear formalism (Milani and Valsecchi, 1999) . We then sampled the LOV over the interval |σ| ≤ σ max = 5 and with a generic completeness level of the VI search IP * = 1 × 10 −7 . This can be achieved with a step-size that is inversely proportional to the probability density along the LOV, resulting in a sampling that is denser around the nominal solution and more sparse towards the LOV tips (Del Vigna et al., 2019) . To avoid low resolution in the tail of the distribution we used a maximum value for the step-size ∆σ max = 0.01. This setup led to the computation of 4719 LOV orbits, to propagate with final time in 2250. The impact monitoring results for (410777) are shown in Table 2 . As anticipated, the 2185 impact possibility has disappeared whereas the 2190 VI still remains, although located in the LOV tails and thus with a low impact probability. Indeed, the inclusion of the 2019 astrometry and the consequent improvement of the Yarkovsky effect estimate decreased the extent of the LOV projection on the 2185 TP that excluded any impact possibility within σ max = 5. Actually the virtual impactor still exists, but located at a higher σ value, in particular at σ 6.5, and thus with a negligible impact probability. Typically, the effect of a close approach is to separate nearby orbits, thus increasing the uncertainty at subsequent encounters. The increased post-2185 uncertainty allows the existence of a virtual impactor in 2190.
Impact monitoring with the MLCS technique
The JPL impact monitoring analysis was performed by using the Multilayer Clustered Sampling technique (Roa and Farnocchia, 2019) , which is an efficient alternative to direct Monte Carlo methods. Initially, MLCS generated the first layer of virtual asteroids by randomly drawing 100 000 samples from the 7-dimensional normal distribution of the orbital elements and A 2 . Identifying the 20th percentile of samples sorted by closest-approach distance provides an interval of A 2 that contains the values leading to a close approach in 2190. Next, we sampled a second layer containing twice as many points as the previous one, we selected the virtual asteroids for which A 2 falls within the interval defined in the preceding step, and we propagated them to the 2190 encounter. The 20th percentile of this new set produces a reduced A 2 interval that can be used for further filtering. The process is repeated sequentially until less than a fraction of 10 −5 samples satisfies the condition on A 2 . 5 In this case, eight layers were required for convergence. The final step consists in sampling 10 9 virtual asteroids and propagating only those that satisfy the A 2 constraint imposed by the last layer. Figure 1 shows how MLCS iteratively converges to a range of A 2 that allows for efficient exploration of the final layer. As MLCS advances to the next layer, the samples get closer to the Earth when mapped to the 2190 b-plane.
The distribution of samples in each layer is statistically consistent with the original 7-dimensional distribution in orbital elements and A 2 , and the impact probability and its standard deviation can be computed like in the regular MC method. We obtained IP = (6.50 ± 0.81) × 10 −8 . The difference in the result relative to the NEODyS one is fully explained by the fact that the JPL orbit solution (JPL 98) assumes a 1-second time uncertainty for optical observations, which is not part of the NEODyS orbit determination process. The values of A 2 compatible with impact trajectories are A 2 = (−6.1 ± 0.4) × 10 −15 au/d 2 , suggesting that an impact is only possible if (410777) were a retrograde rotator.
Estimate of the 2190 keyhole width and location
In case there is a pair of resonant returns, a keyhole is one of the preimages of the Earth impact cross section (Chodas, 1999) . In other words, if an asteroid passes through a keyhole, it will hit the Earth at the subsequent encounter. In our case, we can estimate the width of the 2190 keyhole on the 2185 b-plane by using the analytical theory of close encounters, as in Valsecchi et al. (2003) . To this end we first compute the length of the chord C obtained by intersecting the LOV trace on the 2190 b-plane with the Earth impact cross section. Then the value of the keyhole's width is estimated through the quantity ∂ζ /∂ζ, where (ξ, ζ) and (ξ , ζ ) are the coordinates on the two pre-encounter b-planes, respectively. Indeed, this derivative can be seen as the factor by which the stretching increases in the time span between the first and the second encounter.
On the 2190 b-plane, the chord C is contained in the LOV portion between the virtual asteroid 58 and 59. Let (ξ 1 , ζ 1 ) and (ξ 2 , ζ 2 ) be their coordinates. The length of C turns out to be The derivative ∂ζ /∂ζ depends on the semimajor axis a and the unperturbed geocentric velocity U of (410777) at the 2185 encounter. In our computations, we assumed a = 1.1636 au and U = 16.2 km/s, which are the values corresponding to the virtual asteroid 58. The 2190 b-plane is accessible from the 2185 b-plane through the 4 : 5 mean motion resonance between the asteroid and the Earth. Therefore, after h = 4 revolutions of the asteroid and k = 5 revolutions of the Earth, a second close approach takes place. The 4 : 5 resonance corresponds to the post-encounter semimajor axis a = 3 k 2 h 2 = 1.1604 au. By the equations in (Valsecchi et al., 2003, Section 4 .3) we obtain ∂ζ /∂ζ 14.6, and so the width of the 2190 keyhole is
The centre of the keyhole, being the preimage of the midpoint of C, is located at ζ k = −1.3426040668×10 6 km. Clearly, this point belongs to the LOV portion between the virtual asteroids 58 and 59 on the 2185 b-plane, which are in turn located close to the resonant circle corresponding to the 4 : 5 resonance 6 . Figure 2 shows the probability density function p(ζ) on the 2185 b-plane, along with the location and width of the 2190 keyhole. The position of the keyhole centre on the tail of the probability distribution implies that the associated impact probability is very small. In particular, it can be estimated as IP w k p(ζ k ) 2.9 × 10 −8 , well in agreement with the result of Table 2 .
Conclusions
In this paper we presented the new impact monitoring results for asteroid (410777) computed by both the NEODyS and JPL groups after the 2019 apparition. These new observations extended the observational arc by four years and allowed a 4-σ detection of the Yarkovsky effect through an orbital fit to the astrometry.
To perform the hazard assessment the two groups resorted to two independent approaches, namely the LOV method for NEODyS and the MLCS technique for JPL. Both systems ended up with the removal of the 2185 VI, which was the largest one until the inclusion of the 2019 data. The only remaining VI is the one in 2190 but, since it lies towards the end of the LOV (|σ| 4.5), it has an impact probability 10 −8 , which effectively rules out the corresponding impact.
